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Abstract A decade ago, tunnels inside mineral grains
were found that were likely formed by hyphae of
ectomycorrhizal (EcM) fungi. This observation im-
plied that EcM fungi can dissolve mineral grains. The
observation raised several questions on the ecology of
these “rock-eating” fungi. This review addresses the
roles of these rock-eating EcM associations in plant
nutrition, biogeochemical cycles and pedogenesis. Re-
search approaches ranged from molecular to ecosys-
tem level scales. Nutrient deficiencies change EcM
seedling exudation patterns of organic anions and thus
their potential to mobilise base cations from minerals.
This response was fungal species-specific. Some EcM
fungi accelerated mineral weathering. While mineral
weathering could also increase the concentrations of
phytotoxic aluminium in the soil solution, some EcM
fungi increase Al tolerance through an enhanced exu-
dation of oxalate. Through their contribution to Al
transport, EcM hyphae could be agents in pedogene-
sis, especially podzolisation. A modelling study indi-
cated that mineral tunnelling is less important than
surface weathering by EcM fungi. With both processes
taken together, the contribution of EcM fungi to
weathering may be significant. In the field vertical
niche differentiation of EcM fungi was shown for EcM
root tips and extraradical mycelium. In the field EcM
fungi and tunnel densities were correlated. Our results
support a role of rock-eating EcM fungi in plant
nutrition and biogeochemical cycles. EcM fungal
species-specific differences indicate the need for further
research with regard to this variation in functional traits.
Keywords Aluminium . Base cations .
Ectomycorrhiza . Hyphae . Organic anions . Podzol .
Weathering
Plant Soil (2008) 303:35–47
DOI 10.1007/s11104-007-9513-0
Responsible Editor: Yongguan Zhu
L. van Schöll : T. W. Kuyper :M. M. Smits :
R. Landeweert : E. Hoffland (*)
Department of Soil Quality, Wageningen University,
P.O. Box 47, 6700 Wageningen, The Netherlands
e-mail: Ellis.Hoffland@wur.nl
M. M. Smits :N. v. Breemen
Laboratory of Soil Science and Geology,
Wageningen University,
P.O. Box 37, 6700 Wageningen, The Netherlands
Present address:
L. van Schöll
Nutrient Management Institute,
P.O. Box 250, 6700 AG Wageningen, The Netherlands
Present address:
M. M. Smits
Department of Animal and Plant Sciences,
University of Sheffield,
Sheffield S10 2TN England, UK
Present address:
R. Landeweert
Blgg, Mariendal 8,
6861 Oosterbeek, The Netherlands
Introduction
The term rock-eating fungi was coined by Jongmans
et al. (1997), when they described microscopic tun-
nels contained within feldspar and hornblende grains
in the E horizon of podzol soils. Podzols are charac-
terised by four distinct soil horizons: a dark-coloured
organic (O) horizon underlain by a white/ash-col
oured eluvial (E) horizon, overlying a usually dark-
coloured illuvial (B) horizon on top of the unaltered
parent (C) material (Fig. 1). These tunnels had smooth
and parallel-oriented walls with a constant diameter
(3–10 µm) and rounded ends (Fig. 2), which
distinguished them from (coalesced) etch pits and
cracks caused by abiotic weathering processes known
so far (Hoffland et al. 2002). Because (1) the size and
shape of the tunnels perfectly fitted hyphae, (2) some
tunnels were actually colonised by hyphae and (3)
hyphae were seen to penetrate mineral grains (Fig. 3)
a fungal role for rock weathering seemed likely.
Jongmans et al. (1997) further hypothesised that such
tunnels were formed through low molecular weight
organic anions (LMWOA) exuded at hyphal tips. The
term rock-eating fungi therefore refers to fungi that
have the capacity to exude LMWOA to an extent that
mineral weathering rates are significantly increased.
Ectomycorrhizal (EcM) fungi were considered the
most likely candidates responsible for this tunnel
formation. EcM fungi are known to exude LMWOA.
EcM fungi associate with tree roots, where they ex-
change water and nutrients taken up by the hyphae for
photosynthetically produced carbohydrates. Hence,
EcM fungi have a potentially large source of carbo-
hydrates available (Högberg et al. 2001). Lindahl et
al. (2007) demonstrated vertical separation between
Fig. 1 A typical podzol profile in Nyänget, Mid Sweden, with
horizons indicated
Fig. 2 Thin section micrograph of a feldspar grain from a
podzol E horizon, criss-crossed by tunnels with a rounded end
and a diameter of about 5 µm
Fig. 3 Scanning electron micrograph showing a fungal hypha
penetrating a mineral grain (bar size, 10 µm)
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saprotrophic fungi that colonised relatively recently
shed litter and EcM fungi that replaced saprotrophs
deeper down the profile where the substrates became
depleted in available energy. For saprotrophic fungi
and bacteria the carbon source in the mineral E
horizon, where organic matter content is low (usually
<1%), is therefore very limited.
An extensive survey of 75 soils from Europe, Asia,
North America and Australia revealed that tunnelled
minerals occur almost exclusively in podzols in tem-
perate and boreal zones, and also sometimes in acid
brown forest soils (Hoffland et al. 2005). No tun-
nelled minerals were observed in podzol soils that had
developed under the arbuscular mycorrhizal kauri
(Agathis australis) in New Zealand. Northern temper-
ate and boreal podzols typically develop under a
vegetation of EcM coniferous trees, with an under-
growth of ericaceous shrubs, and develop in a time-
scale of several hundred to thousand years (Lundström
et al. 2000). These northern temperate and boreal
podzols are therefore indicative for the long-term
presence of EcM fungi.
The tunnelled minerals and the potential weather-
ing capacity of EcM fungi raised novel questions
regarding roles of EcM fungi in plant nutrition
(especially uptake of base cations), biogeochemical
processes and pedogenesis i.e. podzolisation (Van
Breemen et al. 2000a; Van Breemen et al. 2000b;
Landeweert et al. 2001). These questions have been
addressed in the “Rock-eating Mycorrhiza: Where,
Why, How?” research programme. This review dis-
cusses the results of that programme in the framework
of the increased interest in EcM fungi as ecosystem
engineers notably through interactions with soil
minerals. We do not intend to review the field of
mineral weathering by fungi, because several impor-
tant reviews have appeared in the last few years
(Hoffland et al. 2004; Wallander and Hagerberg 2004;
Smits 2006; Wallander 2006; Gadd 2007; Gorbushina
2007). In this review we concentrate on the role of
EcM fungal-mediated release of cations (K, Mg) and
their role in alleviating aluminium toxicity and trans-
port of Al in podzols. The role of EcM fungi in
weathering of apatite and release of P has been
reviewed by Wallander and Hagerberg (2004).
A major message from our review is the importance
of EcM species diversity. In order to understand the
ecosystem relevance of these processes, understanding
of the spatial distribution of EcM fungi is imperative.
Role of rock-eating EcM fungi in plant nutrition
The hypothesis that EcM fungi contribute to uptake
and subsequent transport to the tree of base cations
through the enhanced weathering of soil mineral
grains implied a new role of EcM in plant nutrition.
The role of EcM fungi in the uptake of N and P is
well established (Smith and Read 1997). EcM fungi
occur in forests where low litter quality and low
decomposition and mineralisation rates cause N and P
limitation. EcM fungi have a suite of attributes that
allow them to access organic N, also from recalcitrant
sources. EcM fungi equally enhance uptake of P, both
from recalcitrant inorganic and organic sources (Read
et al. 2004). The role of EcM fungi in weathering and
subsequent uptake of base cations is potentially
increasingly important in situations where acid rain
and intensive biomass harvesting increase losses and
decrease storage of K, Mg and Ca. Under the present
conditions, forest growth in some stands may become
limited by K and/or Mg rather than N (Landman et al.
1997; Übel and Heinsdorf 1997; Thelin 2000).
In chronosequences, tunnelled minerals only
emergedwhen easily weatherable base cation-containing
minerals had disappeared (biotite) or were strongly
weathered (hornblende), suggesting that EcM fungal
weathering is driven by the (reduced) bioavailability of
K, Ca andMg (Hoffland et al. 2002; Smits et al. 2005).
Microscopic tunnels occur exclusively in grains of the
soil minerals feldspar and hornblende, which contain
K, Ca and Mg, but which are scarce in N and P
(Hoffland et al. 2002). EcM fungi have been found to
respond to minerals containing K and Mg (Paris et al.
1996, Arocena et al. 2004, Glowa et al. 2003). EcM
weathering of minerals containing base cations might
therefore have a profound effect on plant uptake and
ecosystem cycling of base cations.
An increased uptake of mineral-derived nutrients
by tree seedlings when grown in symbiosis with EcM
fungi has been found in several pot experiments (see
review by Wallander 2006). The combined effect of
EcM fungi on growth and nutrient uptake by the
seedlings and on mineral weathering complicates
interpretation of such studies. This problem can be
overcome by making a complete mineral budget, with
all pools of mobile elements quantified, an approach
adopted lately in studies by Van Hees et al. (2006a)
and by Van Schöll et al. (2006b). EcM colonisation
by Hebeloma longicaudum increased the mineral
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weathering of soil from a podzol E horizon compared
to non-mycorrhizal seedlings, as measured from the
fluxes of Al, Si and K (Van Hees et al. 2006a). Van
Schöll et al. (2006b) determined the effect of EcM
fungi on K and Mg availability through mineral
weathering. Non-mycorrhizal and EcM tree seedlings
were grown in pots with muscovite as the only K
source or hornblende as the only Mg source. Weath-
ering of muscovite was increased by tree seedlings by a
factor 1.7, and was increased even further to a factor of
3.3 when tree seedlings were colonised by Paxillus
involutus (Table 1). However, colonisation of the tree
seedlings by the EcM fungi Suillus bovinus or
Piloderma croceum did not have an additional effect.
Weathering of hornblende was increased by tree
seedlings by a factor of 1.5–2 compared to pots
without tree seedlings, but was not affected by EcM
fungi (Table 1).
The weathering of the K and Mg containing
minerals by non-mycorrhizal and EcM tree seedlings
corresponded well to their exudation of oxalate in
response to omission of K and Mg. Non-mycorrhizal
pine seedlings exuded mainly malonate (50–80% of
all LMWOA; Van Schöll et al. 2006a). There were
strong effects of EcM fungal colonisation on exuda-
tion of LMWOA, especially of oxalate (Table 1):
Seedlings colonised by P. involutus significantly
increased the exudation of oxalate, whereas colonisa-
tion by H. longicaudum decreased the exudation of
total LMWOA and malonate compared to the non-
mycorrhizal seedlings. Oxalate is probably one of the
most potent weathering agents that is exuded by plant
roots and EcM fungal hyphae. The weathering
potential of oxalate via complexation with Al, as
indicated by the stability constant (log KAl=6.5), is
higher than that of malonate (log KAl=5.7; Fox et al.
1990). In culture solution, Mg deficiency increased
exudation of oxalate, but there were no significant
differences between non-mycorrhizal or EcM seedlings
(Van Schöll et al. 2006a). Only seedlings colonised by
P. involutus significantly increased oxalate exudation
under K deficiency. This K deficiency-induced oxalate
exudation could explain the enhanced weathering of
muscovite (Table 1).
The experiments showed that differences in re-
sponse among EcM fungal species were as large as or
larger than between nonmycorrhizal and EcM seed-
lings. These findings raise questions regarding diver-
sity of EcM fungi and the spatial distribution of EcM
fungi with high weathering potential through the soil
profile (discussed below).
The role of EcM fungi in the uptake of K and Mg
is further supported by studies showing an increased
fungal exploitation of sites with higher cation avail-
ability, presenting a striking parallel to the intense
hyphal proliferation in patches with organic materials
such as litter (Bending and Read 1995) or when N or
P are patchily supplied (Brandes et al. 1998; Jentschke
et al. 2000). Wallander and Hagerberg (2004) hypoth-
esised that EcM fungi are unlikely to have a signifi-
cant role in weathering of K and Mg containing
minerals, as K and Mg deficiency decreases below-
ground carbon allocation to roots, whereas N and P
deficiency increases allocation to roots and associated
Table 1 Ectomycorrhizal species-specific responses. Figures indicate differences between ectomycorrhiza-colonized P. sylvestris
seedlings and their nonmycorrhizal control (=100; after Van Schöll et al. 2006a, b)
Fungal isolate Weatheringa
(total K or Mg in plant tissue and soil solution)
Exudation Transport
Muscovite Hornblende Oxalate Malonate Total LMWOAb Al
Piloderma croceum 101 100 161* 102 106 0
Hebeloma longicaudum . . 61 42* 49* .
Paxillus involutus UK 180* 115 209* 27* 77 +
Suillus bovinus 97 97 . 0
Rhizopogon roseolus . . . . . +
For Al transport symbols indicate transport (+) or no transport (0) by fungi in pure culture (after Smits 2005)
aMuscovite contains K; Hornblende contains Mg.
b Low molecular weight organic anions
*significantly different from nonmycorrhizal control (P<0.05)
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mycorrhizal fungi (Ericsson 1995). In contrast, in-
creased carbon allocation by EcM tree seedlings and
higher hyphal proliferation in patches with K-containing
feldspar than in patches with quartz or in the surround-
ing soil (podzol E horizon) was shown by Rosling et al.
(2004) in a microcosm experiment. Heinonsalo et al.
(2004) showed that tree seedlings, growing on a
reconstructed podzol in a microcosm, increased carbon
allocation to mycorrhizas present in the mineral soil
layers with high amounts of weatherable minerals.
Increased hyphal foraging (exploitative growth) in
response to either Mg or Mg+P addition in the hyphal
compartment (not accessible to roots) of a two-
compartment system was observed by Van Schöll
(2006). Transport of Mg through EcM fungi, using a
two-compartment pot system, has also been shown by
Jentschke et al. (2001). They assumed this transport to
be passive co-transport with P, driven by P deficiency.
However, in the study by Van Schöll (2006) active
hyphal transport of Mg, rather than passive co-
transport of Mg with P was observed.
From these results it seems clear that EcM fungi
and tree seedlings can adapt to base cation deficien-
cies by increased proliferation and by increased
mineral weathering through enhanced exudation of
LMWOAs. It remains however uncertain if this
response is regulated by plant exudation or by fungal
exudation when both organisms are grown in symbi-
osis. The exudation of oxalate and malonate by P.
sylvestris seedlings and P. involutus in response to
nutrient deficiencies differed strongly when grown
either in pure culture or in symbiosis (Van Schöll et
al. 2006a). Increased weathering was not per se
reflected by increased uptake into the shoot, and with
some EcM fungi the weathering products may have
been retained partly in the mycelium. Such results
emphasise that only experiments with both symbiotic
partners can yield ecological realism. The underlying
questions about the ‘who is in the driver’s seat’ of the
mycorrhizal symbiosis (Zhu et al. 2001) and about the
level of integration between fungal and plant process-
es remain unanswered to date.
Role of rock-eating EcM fungi in mineral
weathering on ecosystem level
The results of Van Schöll et al. (2006a, b) provided
further evidence that EcM fungi can enhance mineral
weathering through the exudation of organic anions in
response to nutrient deficiencies, but their contribu-
tion to mineral weathering on ecosystem level
remained unknown. Van Breemen et al. (2000a)
estimated the contribution of EcM fungi to mineral
weathering in a podzol soil via mineral tunnelling
alone to be 50%. Sverdrup et al. (2002) estimated the
contribution of organic ligands to total mineral
weathering to be 15% and the direct contribution of
all soil biota to be maximally 2%. This discrepancy
made an improved estimate of EcM fungal weather-
ing necessary. Mineral weathering is of fundamental
importance in any ecosystem because it is responsible
for a major influx of bioavailable elements and there-
by contributes to soil fertility. It also serves as the
main long-term buffer against soil acidification.
In the field, EcM fungal weathering cannot be
distinguished from other weathering processes. The
microscopic tunnels in mineral grains, which are
visually distinct from other weathering phenomena,
can however be used as a tool to quantify one aspect
of EcM fungal weathering.
Even though a direct causal relationship between
EcM fungi and mineral tunnelling cannot be estab-
lished, field studies of productivity gradients have
provided strong circumstantial evidence for the direct
involvement of EcM fungi in mineral tunnelling. The
productivity gradients consisted of a toposequence
where the pH, N supply, mycorrhizal types and vege-
tation vary strongly over a short distance (<100 m), but
where mineralogy is similar. EcM root tip density was
positively correlated with tunnel frequency along two
natural productivity gradients in Mid Sweden (Hoffland
et al. 2003). No correlation was found between
arbuscular mycorrhizal plants and tunnel frequency.
Ericoid mycorrhizal fungi associate with Vaccinium
spp., which grow in the understory in boreal forest,
and therefore often co-occur with EcM fungi. These
fungi can also produce high amounts of LMWOA
(Martino et al. 2003), and may thereby contribute to
tunnel formation. It seems unlikely, however, that
ericoid mycorrhizal fungi are (solely) responsible for
tunnel formation, as tunnels were found in sites with
no ericoid mycorrhizal plants, and where they are
unlikely to have grown considering the rapid establish-
ment of the productivity gradient following deglaciation
(Giesler et al. 1998).
A causal role for EcM fungi in tunnelling is further
supported by the observation that tunnel length and
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frequency increased with soil age and podzol forma-
tion. This relation was studied in a soil chronose-
quence in Mid Sweden that was formed through
glacial rebound followed by gradual uplifting of land
from sea (9–50 mm year−1). Up to 25% of the
feldspars from the uppermost 2 cm of the E horizon
contained tunnels, and this percentage decreased
rapidly with soil depth. Fungal hyphae were also
observed inside the tunnels (Hoffland et al. 2002).
The contribution of EcM mineral tunnelling to total
weathering was quantified via image analysis in soil
thin sections (Smits et al. 2005) which were taken
from a North Michigan dune chronosequence. Total
weathering was quantified by comparing the mineral-
ogy of the surface soil with the underlying parent
material. Quantification revealed that mineral tunnel-
ling accounted for less than 0.5% of total feldspar
weathering in the upper 2 cm of the mineral soil.
Tunnelling is however only one aspect of EcM
weathering. Surface weathering by EcM fungi is
likely to be quantitatively more important (Fig. 4),
as also proposed by Van Hees et al. (2004) based on a
scanning electron microscope study.
Smits (2005) used a modelling approach to quan-
tify surface weathering by EcM fungi. Feldspar
weathering through oxalate exudation by EcM fungi
hyphae was modelled by considering the kinetics of
oxalate production, degradation and complexation.
The production of oxalate by EcM fungi in the
vicinity of feldspars was estimated from literature
data on EcM biomass in podzol E horizons and in
vitro oxalate production by EcM fungi, combined
with data on fungal distribution over different
minerals. Fungal distribution was assessed in stained
soil thin sections from the dune chronosequence from
which weathering by tunnelling was quantified. The
relative abundance of hyphae in direct contact with
the mineral surface was in the order Na/Ca-feldspar >
K-feldspar > quartz.
Output from an improved version of the model
(Smits et al., submitted for publication) indicated that
surface weathering is an order of magnitude higher
than weathering through tunnelling. Model calcula-
tions also indicated that EcM exudation of oxalate
alone could account for 3% of microcline and 4% of
plagioclase weathering in the upper 2 cm of the
mineral horizon. Apart from oxalate, EcM fungi
exude other LMWOA (citrate) and protons that also
enhance weathering but are not accounted for in the
model. Under deficiencies, exudation (Van Schöll et
al. 2006a; Van Hees et al. 2006b) and hence
weathering can be up-regulated, further enhancing
EcM fungal weathering. Van Hees et al. (2006a)
concluded that K weathering rates, induced by EcM
conifers, were 3–10 times larger than historical
weathering rates. These data imply that the contribu-
tion of EcM fungi alone to mineral weathering
exceeds the 2% as estimated by Sverdrup et al.
(2002) for the whole soil biota (including bacteria and
saprotrophic fungi). On the basis of a modelling study
Van Hees et al. (2005) pointed out that the relatively
low-steady state concentrations of LMWOA as
measured in the soil solution were caused by very
high fluxes of both exudation and decomposition of
these anions. Novel data on the balance between
exudation and decomposition of LMWOA in the
close vicinity of mineral surfaces, taking spatial
variation in hyphal abundance, activity, and hence
local soil solution chemistry into account, are espe-
cially required for model improvement and validation.
Fig. 4 Scanning electron micrograph of a hypha of Piloderma
croceum on a mineral grain, indicating both surface weathering
and tunnelling. The hypha is covered by characteristic wall
incrustations of calcium oxalate (bar size, 10 µm)
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Role of rock-eating EcM fungi in aluminium
toxicity and aluminium transport in podzols
Aluminium is a major component of most soil mineral
grains. Consequently, mineral weathering will release
not only base cations but also increase the concentra-
tion of Al in the soil solution of the mineral soil
layers. In soils with a pH below 4, a situation typical
for podzol soils, dissolved Al is present mainly in the
form of the phytotoxic Al3+ (Kinraide 1991), and
increased weathering will therefore contribute to Al
toxicity. In the debate on the effect of acid deposition,
Al toxicity is often seen as the most direct cause of
forest deterioration. In the models that are used to
quantify this effect and calculate acceptable critical
loads of acid deposition, EcM associations are mostly
overlooked.
Under Al toxicity, EcM seedlings maintained
higher growth rates than nonmycorrhizal seedlings
(Cumming and Weinstein 1990a; Cumming and
Weinstein 1990b; Göransson and Eldhuset 2001;
Hentschel et al. 1993; Schier and McQuattie 1995;
Schier and McQuattie 1996). These higher growth
rates may be the result of the fact that EcM fungi
generally improve growth of their hosts through better
nutrient supply. As shown by Schier and McQuattie
(1996) increased nutrient supply alone can partly
mitigate Al toxicity effects on tree seedlings.
The role of EcM fungi in the uptake of Ca and Mg
under Al toxicity is especially of interest as
Al3 + specifically inhibits the uptake of Ca and Mg
by kinetic processes at the root cell wall, thereby
inducing plant deficiencies of Ca and Mg. EcM fungi
ensheath the root apices, which are the main sites for
Al toxicity and uptake of Ca and Mg, and it seems
likely that EcM fungi affect the uptake Ca and Mg at
the root tips (Finlay 1995).
Under conditions of sufficient nutrient supply,
which avoids differences in growth and biomass
between non-mycorrhizal and EcM seedlings (Hobbie
2006), uptake of Ca and Mg under Al toxicity was not
affected by EcM colonisation (Van Schöll et al. 2005).
Mineral tunnelling by EcM hyphae through LMWOA
exudation will give the tree direct access to base
cations, while at the same time Al3+ is detoxified
through chelation (Van Breemen et al. 2000a). By
directly translocating the weathering products from
these protected microsites, uptake is uncoupled from
the toxic bulk solution.
EcM fungi might play an important role in the Al
tolerance of their host trees by the exudation of
LMWOA and subsequent complexation of Al and
dissolution of Ca and Mg, a factor which is also not
taken in consideration by most models. Aluminium
toxicity can be – partly – mitigated by increasing the
concentrations of dissolved Ca and Mg (Kinraide
2003) and by complexation of Al with LMWOA
(Ryan et al. 2001).
Exudation of LMWOA seems a general response
mechanism of Al tolerant plants (Barcelo and
Poschenrieder 2002; Kochian et al. 2004; Ma et al.
2001; Ryan et al. 2001). Increased exudation of
oxalate by tree seedlings under Al toxicity has been
shown by Ahonen et al. (2000), and in several cases
this was increased further by EcM fungi. Van Schöll
(2006) demonstrated that oxalate exudation by EcM
fungi was induced by Al, and exudation was further
enhanced by simultaneous Al toxicity and Mg and P
deficiency. The latter effect was stronger in non-
mycorrhizal seedlings, which only exuded low
amounts of oxalate under Al toxicity alone, and in
seedlings colonised by Rhizopogon roseolus. Seed-
lings colonized by three other EcM fungi did not
show this additive effect. The enhanced exudation in
this experiment was apparently not an effect of Mg or
P deficiency alone, because Mg or P deficiency
without Al did not induce the exudation of oxalate.
This outcome contrasts with results obtained before
(Van Schöll et al. 2006a), where increased exudation
of oxalate in response to Mg and P deficiency was
observed. Possibly, this discrepancy is due to differ-
ences in experimental circumstances, which might
also explain the substantially lower concentration of
LMWOA found here. This difference emphasises that
experimental conditions may, for unknown reasons,
profoundly affect results.
The role of EcM fungi in mineral weathering and
the exclusive occurrence of tunneled minerals in
podzols have raised the question whether EcM fungi
also play a direct role in Al transport and the
podzolisation process. Cycling of Al from the mineral
soil layers to the organic layer is an important but
unexplained phenomenon in the podzolisation pro-
cess. Existing theories on the podzolisation process
focus on the formation of the mineral E and B
horizon, but do not explain the high concentrations of
Al observed in the organic O horizon. Budget studies
on Al and Fe in podzols showed that much of the Fe
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and Al that leached out of the E horizon into the B
horizon originated from the O horizon (Giesler et al.
2000). Known input routes of Al and Fe into the O
horizon, i.e. litter fall and atmospheric deposition,
have been considered insufficient to explain the high
concentrations of Al in the O horizon and output rates
of Al from the O horizon to the E horizon. A possible
explanation for this discrepancy is uptake and
transport of Al and Fe from the E horizon towards
the O horizon by tree roots and EcM hyphae that
exploit the E horizon but colonise root tips in the O
horizon (see below on occurrence of EcM root tips
and hyphae). Data by Griffiths et al. (1994) for
Hysterangium crassum and Gautieria monticola and
by Van Hees et al. (2003) for Paxillus involutus also
indicated enhanced dissolution and mobilization of
Al and Fe by EcM fungi. Possibly, siderophores
exuded by EcM hyphae could play a role here
because siderophores are even more efficient com-
plexing agents than LMWOA (Haselwandter and
Winkelmann 2002; Holmström et al. 2004).
A prerequisite for an EcM fungal role in upward
transport of Al is that these fungi are able to transport
Al through their hyphae. An in vitro test of five
different EcM fungi, growing in two-compartment
Petri dishes, demonstrated that two of the five isolates
tested were able to transport Al (Table 1; Smits 2005).
In plants, transport of Al has been linked to
complexes of Al with LMWOA, mostly citrate. For
EcM fungi, complexation of Al to small soluble
polyphosphate chains, very strong Al binders in
biological systems (Martin et al. 1994), has also been
suggested. An in vitro test did, however, not indicate
any effect of P supply on the transport of Al through
EcM hyphae (Smits 2005).
Transport of Al between soil layers cannot be
studied directly because of the abundance of Al in
podzols soils. Therefore Smits (2005) used gallium
(Ga) as a tracer after in vitro tests showed the
similarity of Ga and Al transport through EcM
hyphae. Ga content in tree seedlings increased after
Ga addition compared to controls without Ga addi-
tion. Ga content was not different between pots where
tree roots were allowed or inhibited to grow into the
mineral soil layer. These observations suggest a role
for EcM fungi and roots in upward Ga (and by
implication Al) transport. Whether or not hyphal and
root transport of Al between the mineral and organic
soil layers suffices to explain the surplus of Al in
podzol O horizons found in budget studies, requires
further research.
Weathering by rock-eating EcM fungi – a further
element of EcM diversity?
Diversity among EcM species in weathering potential
(Table 1) and Al transport capacity (Smits 2005) is
high. In order to study the role of EcM in plant
nutrition and biogeochemical cycles it was necessary
to relate this diversity to the spatial distribution of the
EcM fungi over the soil horizons, and especially to
establish which EcM species occur in the mineral E
horizon in which the tunnels were found. While EcM
species richness in podzols is high, little was known
about their vertical distribution over the podzol soil
profile. Studies on EcM assemblages and the func-
tional roles of these species have often been confined
to the organic horizon (see Read et al. 2004), but
because chemical and mineralogical properties of soil
horizons differ strongly, it seemed likely that different
soil horizons provide different niches for EcM fungi.
Vertical niche differentiation of EcM root tips
across soil horizons for a Swedish podzol was
demonstated by Rosling et al. (2003). Two thirds of
the root tips were found in the mineral soil horizons.
The percentage of root tips colonised ranged between
60 and 98%, but this was not related to soil horizon.
A significant relationship between EcM fungal spe-
cies composition and soil horizon was found, but
species composition could not be related to specific
chemical properties of the mineral E, B or C horizons.
Most taxa typically occurred in one part of the soil
profile only. Tomentellopsis submollis, three Pilo-
derma species, Cortinarius subgen. Dermocybe spp.
were found predominantly in the upper horizons
while one other Piloderma sp., other Cortinarius
spp., and Suillus luteus were associated with the lower
mineral horizons. As much as half of the EcM fungal
species were restricted to the mineral horizons.
Data on EcM fungi on root tips do however not
necessarily reflect the simultaneous occurrence and
activity of extraradical mycelium in the bulk soil of
that soil horizon. Spatial differences in gene expres-
sion between EcM root tips and the extraradical
mycelium have been found for the EcM fungus
Paxillus involutus (Wright et al. 2005). Because
EcM weathering is expected to take place at the
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hyphal tips by exudation of LMWOA, it was
necessary to identify and quantify hyphae of EcM
fungi in bulk soil as well.
Landeweert et al. (2003a) successfully extracted
basidiomycete DNA from the bulk soil, using soil
samples from the same soil columns and soil horizons
as in the accompanying root tip study by Rosling et
al. (2003) described above. The amounts of DNA
decreased with soil depth. There was strong vertical
niche differentiation, with 16 out of 25 sequences
occurring exclusively in the mineral layers of which 7
sequences occurred exclusively in the E horizon. At
least 16 out of 25 fungal sequences belonged to EcM
basidiomycetes, suggesting that they dominate over
saprotrophic basidiomycetes in most soil layers.
Comparison between the EcM root tip study and the
soil mycelium study showed that both methods
largely detected the same species. Of the 16 EcM
fungal taxa identified in DNA extracts from root-free
soil, all but one were also found on root tips. In
several cases, however, species that were abundant on
root tips were not detected in soil extracts, and others
that were abundant in soil extracts were rarely
detected on the roots. Discrepancies between EcM
species composition and abundance based on root tip
and hyphal analysis have been shown by several
authors (Dickie et al. 2002; Kjøller 2006; Peintner et
al. 2007) and indicate the need for a pluralistic
approach to the analysis of EcM assemblages.
The molecular methods in these studies used only
amplified basidiomycete DNA. The data do therefore
not allow to rule out the possibility that ericoid
mycorrhizal ascomycetes (associated with Vaccinium
spp.) are also involved in mineral tunnelling. Quan-
titatively this is unlikely to be the case because
Rosling et al. (2003) observed that over 95% of all
root tips belonged to Basidiomycetes. Several EcM
Ascomycetes, especially a group of dark septate
endophytes that can both form EcM and ericoid
mycorrhizas (Villarreal-Ruiz et al. 2004), are effective
producers of LMWOA (Martino et al. 2003). Weath-
ering experiments with that latter group are especially
required.
EcM fungi showed vertical niche differentiation,
however, the niche differentiation of EcM fungal
hyphae did not occur between the organic versus
mineral layers: in fact, the EcM assemblages in the
organic horizon and the E horizon were more similar
than the assemblages in the E horizon and the B or C
horizons. The co-occurrence of EcM fungi in the O
and E horizon may seem surprising in view of the
large differences in soil chemistry between both
horizons, but may be a consequence of the prolifer-
ation in the E horizon of hyphae that are attached to
root tips in the O horizon. Genney et al. (2006) also
made the observation that the extraradical mycelium
showed less clearly vertical niche differentiation than
the ectomycorrhizas and exhibited a larger depth
range. They argued that such patterns relate to the
ability of the EcM fungus to utilise a wide range of
substrates. The co-occurrence of fungal mycelium in
O and E horizons therefore raises the question
whether exudation of LMWOA could also confer
benefits to EcM fungi in organic layers. While the
highest tunnel density occurred in the upper part of
the E horizon, EcM fungal species from the lower E
or B horizon could also contribute to mineral
weathering. The lower tunnel density may result from
the lower hyphal density in the B horizon.
The molecular methods that were applied for
identification did not truly allow quantification –
even though clone numbers are often used as a
surrogate for quantification. Molecular quantification
methods require specific primers through which DNA
of one fungal species can be amplified. While such
methods can be successfully applied in microcosms
where the researcher has control over EcM species
composition (Landeweert et al. 2003b), they haven’t
yet been applied under field conditions with a suite of
unknown species. Another research priority is therefore
the development of a larger set of species-specific
primers to quantitatively assess fungal occurrence. A
further prospect of future research could be the
development of a set of primers that allow amplifica-
tion of genes that could be associated with weathering
processes, e.g. transporter genes involved in the
exudation of LMWOA or genes involved in side-
rophore synthesis.
For reasons of culturability the species choice for
the experiments under controlled conditions described
in this paper has been limited to the following
species: Paxillus involutus, Piloderma croceum,
Hebeloma longicaudum, Suillus bovinus, and Rhizo-
pogon luteolus. Paxillus involutus produced several
organic acids (Van Hees et al. 2003; Yamaji et al.
2005; Van Schöll et al. 2006a), enhanced the
weathering of muscovite (Van Schöll et al. 2006b)
and hyphae actively foraged for Mg (Van Schöll
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2006). Some strains of this species (complex) showed
high tolerance towards Al (Rudawska and Leski
1998) and one of two strains tested by Smits (2005)
could transport Al (Table 1). Paxillus involutus was
not observed on root tips and as mycelium in the
Swedish podzol (Rosling et al. 2003; Landeweert et
al. 2003a) but occurred in the middle part of a
productivity gradient in Sweden (Toljander et al.
2006). In general, the species [or possibly species
complex (Fries 1980)] occurs more frequently in
organic horizons than in mineral horizons (Laiho
1970) and its ability to produce LMWOA could also
be beneficial in the organic layers (see above).
Hyphae of Piloderma croceum with the character-
istic wall incrustation of calcium oxalate were
observed on mineral grains (Fig. 4). The species
enhanced exudation of oxalate compared to non-
mycorrhizal seedlings (Van Schöll et al. 2006a),
released K and Mg (Arocena et al. 2004; Glowa et
al. 2003), but did not show enhanced weathering of
muscovite and hornblende in the study by Van Schöll
et al. (2006b). The species was abundant in various
horizons in the Swedish podzol (Rosling et al. 2003;
Landeweert et al. 2003a). Both molecular data and the
niche differentiation of the different molecular phylo-
types suggest that P. croceum is a species complex,
which might explain these different results.
Hyphae of Hebeloma longicaudum were found in
the B horizon by Landeweert et al. (2003a), but EcM
root tips were not mentioned by Rosling et al. (2003).
The species showed strong foraging activity, subse-
quent exploitation, and oxalate exudation in mineral
compartment (Rosling et al. 2004, Van Hees et al.
2006c – under the misapplied name H. crustulini-
forme). A Hebeloma (or Inocybe-like) EcM morpho-
type increased release of K and Na in the
mycorrhizosphere in a spruce forest (Glowa et al.
2003). However, pine seedlings colonised by this
species down-regulated LMWOA production com-
pared to non-mycorrhizal seedlings (Van Schöll et al.
2006a). Hebeloma cylindrosporum did not release
oxalate (Arvieu et al. 2003; Casarin et al. 2003).
While S. bovinus was not observed in the Swedish
podzol, two other Suillus species were observed either
as root tips (S. luteus – Rosling et al. 2003) or as
hyphae (S. variegatus – Landeweert et al. 2003a).
Both S. variegatus (Ahonen et al. 2000; Wallander
2000) and the related S. collinitus (Arvieu et al. 2003)
produced large amounts of oxalic acid in soils with
low pH and Al toxicity, and in soils with high pH and
possibly associated P deficiency. However, S. bovinus
did not enhance weathering of muscovite and horn-
blende in the study by Van Schöll et al. (2006b).
Rhizopogon roseolus also produced large amounts of
oxalic acid under a range of pH conditions (Ahonen et
al. 2000; Arvieu et al. 2003; Casarin et al. 2003). It
also up-regulated oxalate exudation, compared to
non-mycorrhizal seedlings, under conditions of Al
toxicity (Van Schöll 2006). Members of both Suillus
and Rhizopogon are exclusively associated with
conifers. Phylogenetically, Suillus and Rhizopogon,
like Paxillus, are most closely related to brown-rot
fungi such as Serpula, Coniophora and Hygrophor-
opsis, which also produce large amounts of oxalate
(Fransson et al. 2004).
To clarify the relation between EcM functional
traits and ecosystem variety, a further range of
(different isolates of) EcM species, including EcM
ascomycetes, obtained from different soil horizons,
and from soils with low base cation versus high base
cation supply should be used in future studies.
Concluding remarks
EcM fungi play an important role through weathering
in plant base cation nutrition, and likely also in
podzolisation and plant tolerance to Al. Generalisa-
tion of studies under controlled conditions to the
natural situation is, however, limited by the species-
specific and context-dependent responses of EcM
fungi and still limited knowledge on EcM species
distribution over soil horizons. With over 5,000 EcM
fungal species known and only around 10 frequently
used in research, assessing and understanding of EcM
diversity and ecology is highly important. Our
research on rock-eating EcM fungi (where, why,
how) shows that, while we have made substantial
progress in addressing the how question, we are only
standing at the first steps of the route towards this
understanding.
Acknowledgments The research programme “Rock-eating
Mycorrhiza: Where, Why, How?” was funded by the Nether-
lands Organisation for Scientific Research NWO. We thank Dr
Yongguan Zhu and three anonymous referees for helpful
comments on a previous version.
44 Plant Soil (2008) 303:35–47
Open Access This article is distributed under the terms of the
Creative Commons Attibution NonCommercial Licence which
permits any noncommercial use, distribution, and reproduction
in any medium, provided the original author (s) and source are
credited.
References
Ahonen JU, Van Hees PAW, Lundström US, Finlay RD (2000)
Organic acids produced by mycorrhizal Pinus sylvestris
exposed to elevated aluminium and heavy metal concen-
trations. New Phytol 146:557–567
Arocena JM, Göttlein A, Raidl S (2004) Spatial changes of soil
solution and mineral composition in the rhizosphere of
Norway-spruce seedlings colonized by Piloderma cro-
ceum. J Plant Nutr Soil Sci 167:479–486
Arvieu C, Leprince F, Plassard C (2003) Release of oxalate and
protons by ectomycorrhizal fungi in response to P-
deficiency and calcium carbonate in nutrient solution.
Ann For Sci 60:815–821
Barcelo J, Poschenrieder C (2002) Fast root growth responses,
root exudates, and internal detoxification as clues to the
mechanisms of aluminium toxicity and resistance: a
review. Env Exp Bot 48:75–92
Bending GD, Read DJ (1995) The structure and function of the
vegetative mycelium of ectomycorrhizal plants: V. Forag-
ing behaviour and translocation of nutrients from exploited
litter. New Phytol 130:401–409
Brandes B, Godbold DL, Kuhn AJ, Jentschke G (1998)
Nitrogen and phosphorus acquisition by the mycelium of
the ectomycorrhizal fungus Paxillus involutus and its
effect on host nutrition. New Phytol 140:735–743
Casarin V, Plassard C, Souche G, Arvieu JC (2003) Quantifi-
cation of oxalate ions and protons released by ectomycor-
rhizal fungi in rhizosphere soil. Agronomie 23:461–469
Cumming JR, Weinstein LH (1990a) Aluminum-mycorrhizal
interactions in the physiology of pitch pine seedlings.
Plant Soil 125:7–18
Cumming JR, Weinstein LH (1990b) Utilization of aluminum
phosphate as a phosphorus source by ectomycorrhizal
Pinus rigida Mill. seedlings. New Phytol 116:99–106
Dickie IA, Xu B, Koide RT (2002) Vertical niche differentia-
tion of ectomycorrhizal hyphae in soil as shown by T-
RFLP analysis. New Phytol 156:527–535
Ericsson T (1995) Growth and shoot–root ratio of seedlings in
relation to nutrient availability. Plant Soil 168:205–214
Finlay RD (1995) Interactions between soil acidification, plant
growth and nutrient uptake in ectomycorrhizal associa-
tions of forest trees. Ecol Bull 44:197–214
Fox TR, Comerford NB, Mcfee WW (1990) Phosphorus and
aluminum release from a spodic horizon mediated by
organic acids. Soil Sci Soc Am J 54:1763–1767
Fransson AM, Valeur I, Wallander H (2004) The wood-
decaying fungus Hygrophoropsis aurantiaca increases P
availability in acid forest humus soil, while N addition
hampers this effect. Soil Biol Biochem 36:1699–1705
Fries N (1980) Intersterility groups in Paxillus involutus.
Mycotaxon 24:403–409
Gadd GM (2007) Geomycology: biogeochemical transforma-
tions of rocks, minerals, metals and radionuclides by
fungi, bioweathering and bioremediation. Mycol Res
111:3–49
Genney DR, Anderson IA, Alexander IJ (2006) Fine-scale
distribution of pine ectomycorrhizas and their extrama-
trical mycelium. New Phytol 170:381–390
Gorbushina AA (2007) Life on the rocks. Environ Microbiol
9:1613–1631
Giesler R, Högberg M, Högberg P (1998) Soil chemistry and
plants in Fennoscandian boreal forest as exemplified by a
local gradient. Ecology 79:119–137
Giesler R, Ilvesniemi H, Nyberg L, Van Hees PAW, Starr M,
Bishop K, Kareinen T, Lundström US (2000) Distribution
and mobilization of Al, Fe and Si in three podzolic soil
profiles in relation to the humus layer. Geoderma 94:249–
263
Glowa KR, Arocena JM, Masssicotte HB (2003) Extraction of
potassium and/or magnesium from selected soil minerals
by Piloderma. Geomicrobiol J 20:99–111
Göransson A, Eldhuset T (2001) Is the Ca + K + Mg/Al ratio in
the soil solution a predictive tool for estimating forest
damage? Water Air Soil Pollut Focus 1:57–74
Griffiths RP, Baham JE, Caldwell BA (1994) Soil solution
chemistry of ectomycorrhizal mats in forest soil. Soil Biol
Biochem 26:331–337
Haselwandter K, Winkelmann G (2002) Ferricrocin: An
ectomycorrhizal siderophore of Cenococcum geophilum.
Biometals 15:73–77
Heinonsalo J, Hurme KR, Sen R (2004) Recent C-14-labelled
assimilate allocation to Scots pine seedling root and
mycorrhizosphere compartments developed on recon-
structed podzol humus, E- and B-mineral horizons. Plant
Soil 259:111–121
Hentschel E, Godbold DL, Marschner P, Schlegel H, Jentschke
G (1993) The effect of Paxillus involutus Fr. on aluminum
sensitivity of Norway spruce seedlings. Tree Physiol
12:379–390
Hobbie EA (2006) Carbon allocation to ectomycorrhizal fungi
correlates with belowground allocation in culture studies.
Ecology 87:563–569
Hoffland E, Giesler R, Jongmans T, Van Breemen N (2002)
Increasing feldspar tunneling by fungi across a North
Sweden podzol chronosequence. Ecosystems 5:11–22
Hoffland E, Giesler R, Jongmans AG, Van Breemen N (2003)
Feldspar tunneling by fungi along natural productivity
gradients. Ecosystems 6:739–746
Hoffland E, Kuyper TW, Wallander H, Plassard C, Gorbushina
AA, Haselwandter K, Holmström S, Landeweert R,
Lundström U, Rosling A, Sen R, Smits M, van Hees P,
Van Breemen N (2004) The role of fungi in weathering.
Front Ecol Environ 2:258–264
Hoffland E, Smits MM, Van Schöll L, Landeweert R (2005)
Rock-eating mycorrhizas: mobilizing nutrients from min-
erals? In: Li CJ, Zhang FS, Doberman A, Hinsinger P,
Lambers H, Li XL, Marschner P, Maene L, McGrath S,
Oenema O, Peng SB, Rengel Z, Shen QR, Welch R, Von
Wirén N, Yan XL, Zhu YG (eds) Plant nutrition for food
security, human health and environmental protection,
Beijing, pp 802–803.
Plant Soil (2008) 303:35–47 45
Högberg P, Nordgren A, Buchmann N, Taylor AFS, Ekblad A,
Högberg MN, Nyberg G, Ottosson-Löfvenius M, Read DJ
(2001) Large-scale forest girdling shows that current
photosynthesis drives soil respiration. Nature 411:789–792
Holmström SJM, Lundström US, Finlay RD, Van Hees PAW
(2004) Siderophores in forest soil solution. Biogeochem-
istry 71:247–258
Jentschke G, Brandes B, Kuhn AJ, Schröder WH, Becker JS,
Godbold DL (2000) The mycorrhizal fungus Paxillus
involutus transports magnesium to Norway spruce seed-
lings. Evidence from stable isotope labeling. Plant Soil
220:243–246
Jentschke G, Brandes B, Kuhn AJ, Schröder WH, Godbold DL
(2001) Interdependence of phosphorus, nitrogen, potassi-
um and magnesium translocation by the ectomycorrhizal
fungus Paxillus involutus. New Phytol 149:327–337
Jongmans AG, Van Breemen N, Lundström US, Van Hees
PAW, Finlay RD, Srinivasan M, Unestam T, Giesler R,
Melkerud P-A, Olsson M (1997) Rock-eating fungi.
Nature 389:682–683
Kinraide TB (1991) Identity of the rhizotoxic aluminum
species. Plant Soil 134:167–178
Kinraide TB (2003) Toxicity factors in acidic forest soils:
attempts to evaluate separately the toxic effects of excessive
Al3 + and H + and insufficient Ca2 + and Mg2 + upon root
elongation. Eur J Soil Sci 54:323–333
Kjøller R (2006) Disproportionate abundance between ectomy-
corrhizal root tips and their associated mycelia. FEMS
Microbiol Ecol 58:214–224
Kochian LV, Hoekenga OA, Pinerosa MA (2004) How do crop
plants tolerate acid soils? – Mechanisms of aluminum
tolerance and phosphorous efficiency. Ann Rev Plant Biol
55:459–493
Laiho O (1970) Paxillus involutus as a mycorrhizal symbiont of
forest trees. Acta For Fenn 106:5–72
Landeweert R, Hoffland E, Finlay RD, Kuyper TW, Van
Breemen N (2001) Linking plants to rocks: ectomycor-
rhizal fungi mobilize nutrients from minerals. Trends Ecol
Evol 16:248–254
Landeweert R, Leeflang P, Kuyper TW, Hoffland E, Rosling A,
Wernars K, Smit E (2003a) Molecular identification of
ectomycorrhizal mycelium in soil horizons. Appl Environ
Microbiol 69:327–333
Landeweert R, Veenman C, Kuyper TW, Fritze H, Wernars K,
Smit E (2003b) Quantification of ectomycorrhizal mycelium
in soil by real-time PCR compared to conventional quanti-
fication techniques. FEMS Microbiol Ecol 45:283–292
Landmann G, Hunter IR, Hendershot W (1997) Temporal and
spatial development of magnesium deficiency in forest
stands in Europe, North America and New Zealand. In:
Hüttl RF, Schaaf W (eds) Magnesium deficiency in forest
ecosystems. Kluwer, Dordrecht
Lindahl BD, Ihrmark K, Boberg J, Trumbore SE, Högberg P,
Stenlid J, Finlay RD (2007) Spatial separation of litter
decomposition and mycorrhizal nitrogen uptake in a boreal
forest. New Phytol 173:611–602
Lundström US, Van Breemen N, Bain D (2000) The podzol-
ization process. A review. Geoderma 94:91–107
Ma JF, Ryan PR, Delhaize E (2001) Aluminium tolerance in
plants and the complexing role of organic acids. Trends
Plant Sci 6:273–278
Martin F, Rubini P, Côté R, Kottke I (1994) Aluminium
polyphosphate complexes in the mycorrhizal basidiomy-
cete Laccaria bicolor: A 27Al-nuclear magnetic resonance
study. Planta 194:241–246
Martino E, Perotto S, Parsons R, Gadd GM (2003) Solubiliza-
tion of insoluble inorganic zinc compounds by ericoid
mycorrhizal fungi derived from heavy metal polluted sites.
Soil Biol Biochem 35:133–141
Paris F, Botton B, Lapeyrie F (1996) In vitro weathering of
phlogopite by ectomycorrhizal fungi 2. Effect of K+ and
Mg2+ deficiency and N sources on accumulation of
oxalate and H+. Plant Soil 179:141–50
Peintner U, Iotti M, Klotz P, Bonuso E, Zambonelli A (2007)
Soil fungal communities in a Castanea sativa (chestnut
forest producing large quantities of Boletus edulis sensu
lato (porcini): where is the mycelium of porcini? Environ
Microbiol 9:880–889
Read DJ, Leake JR, Perez-Moreno J (2004) Mycorrhizal fungi
as drivers of ecosystem processes in heathland and boreal
forest biomes. Can J Bot 82:1243–1263
Rosling A, Landeweert R, Lindahl B, Larsson KH, Kuyper TW,
Taylor AFS, Finlay R (2003) Vertical distribution of
ectomycorrhizal root tips in a podzol soil profile. New
Phytol 159:775–783
Rosling A, Lindahl BD, Finlay RD (2004) Carbon allocation to
ectomycorrhizal roots and mycelium colonising different
mineral substrates. New Phytol 162:795–802
Rudawska M, Leski T (1998) Aluminium tolerance of different
Paxillus involutus Fr. strains originating from polluted and
nonpolluted sites. Acta Soc Bot Pol 67:115–122
Ryan PR, Delhaize E, Jones DL (2001) Function and
mechanism of organic anion exudation from plant roots.
Annu Rev Plant Physiol Plant Mol Biol 52:527–560
Schier GA, McQuattie CJ (1995) Effect of aluminum on the
growth, anatomy, and nutrient content of ectomycorrhizal
and nonmycorrhizal eastern white pine seedlings. Can J
For Res 25:1252–1262
Schier GA, McQuattie CJ (1996) Response of ectomycorrhizal
and nonmycorrhizal pitch pine (Pinus rigida) seedlings to
nutrient supply and aluminum: Growth and mineral
nutrition. Can J For Res 26:2145–2152
Smith SE, Read DJ (1997) Mycorrhizal symbiosis, 2nd ed.
Academic, San Diego
Smits MM (2005) Ectomycorrhizal fungi and biogeochemical
cycles of boreal forests. Ph.D. thesis, Wageningen Uni-
versity. http://library.wur.nl/wda/dissertations/dis3885.pdf.
Smits MM (2006) Mineral tunneling by fungi. In: Gadd GM
(ed) Fungi in biogeochemical cycles. Cambridge Univer-
sity Press, Cambridge, UK, pp 311–327
Smits MM, Hoffland E, Van Breemen N (2005) Contribution of
mineral tunneling to total feldspar weathering. Geoderma
125:59–69
Sverdrup H, Hagen-Thorn A, Holmqvist J, Wallman P,
Warfvinge P, Walse C, Alveteg M (2002) Biogeochemical
processes and mechanisms. In: Sverdrup H, Stjernquist I
(eds) Developing principles and models for sustainable
forestry in Sweden. Kluwer, Dordrecht, pp 91–196
Thelin G (2000) Nutrient imbalance in Norway spruce. Ph.D.
thesis, Lund University
Toljander JF, Eberhardt U, Toljander YK, Paul LR, Taylor AFS
(2006) Species composition of an ectomycorrhizal fungal
46 Plant Soil (2008) 303:35–47
community along a local nutrient gradient in a boreal
forest. New Phytol 170:873–884
Übel E, Heinsdorf D (1997) Results of long-term K and Mg
fertilizer experiments in afforestation. For Ecol Manag
91:47–52
Van Breemen N, Finlay RD, Lundström US, Jongmans AG,
Giesler R, Melkerud PA (2000a) Mycorrhizal weathering:
a true case of mineral plant nutrition? Biogeochemistry
49:53–67
Van Breemen N, Lundström US, Jongmans AG (2000b) Do
plants drive podzolization via rock-eating mycorrhizal
fungi? Geoderma 94:163–171
Van Hees PAW, Godbold DL, Jentschke G, Jones DL (2003)
Impact of ectomycorhizas on the concentration and
biodegradation of simple organic acids in a forest soil.
Eur J Soil Sci 54:697–706
Van Hees PAW, Jones DL, Jentschke G, Godbold DL (2004)
Mobilization of aluminium, iron and silicon by Picea abies
and ectomycorrhizas in a forest soil. Eur J Soil Sci
55:101–111
Van Hees PAW, Jones DL, Nyberg L, Holmström SJM,
Godbold DL, Lundström US (2005) Modelling low
molecular weight organic acid dynamics in forest soils.
Soil Biol Biochem 37:517–531
Van Hees PAW, Rosling A, Finlay RD (2006a) The impact of
trees, ectomycorrhiza and potassium availability on simple
organic compounds and dissolved organic carbon in soil.
Soil Biol Biochem 38:1912–1923
Van Hees PAW, Rosling A, Lundström US, Finlay RD (2006b)
The biogeochemical impact of ectomycorrhizal conifers on
major soil elements (Al, Fe, K and Si). Geoderma
136:364–377
Van Hees PAW, Rosling A, Essen S, Godbold DL, Jones DL,
Finlay RD (2006c) Oxalate and ferricrocin exudation
by the extramatrical mycelium of an ectomycorrhizal
fungus in symbiosis with Pinus sylvestris. New Phytol
169:367–377
Van Schöll L (2006) Ectomycorrhizal fungi and Pinus sylvestris:
aluminium toxicity, base cation deficiencies and exudation
of organic anions. Ph.D. thesis, Wageningen University.
http://library.wur.nl/wda/dissertations/dis3987.pdf.
Van Schöll L, Keltjens WG, Hoffland E, Van Breemen N
(2005) Effect of ectomycorrhizal colonization on the
uptake of Ca, Mg and Al by Pinus sylvestris under
aluminium toxicity. For Ecol Manag 215:352–360
Van Schöll L, Hoffland E, Van Breemen N (2006a) Organic
anion exudation by ectomycorrhizal fungi and Pinus
sylvestris in response to nutrient deficiencies. New Phytol
170:153–163
Van Schöll L, Smits MM, Hoffland E (2006b) Ectomycorrhizal
weathering of the soil minerals muscovite and hornblende.
New Phytol 171:805–814
Villarreal-Ruiz L, Anderson IC, Alexander IJ (2004) Interaction
between an isolate from the Hymenoscyphus ericae
aggregate and roots of Pinus and Vaccinium. New Phytol
164:183–192
Wallander H (2000) Uptake of P from apatite by Pinus
sylvestris colonised by different ectomycorrhizal fungi.
Plant Soil 218:249–256
Wallander H (2006) Mineral dissolution by ectomycorrhizal
fungi. In: Gadd GM (ed) Fungi in biogeochemical cycles.
Cambridge University Press, Cambridge, UK, pp 328–343
Wallander H, Hagerberg D (2004) Do ectomycorrhizal fungi
have a significant role in weathering of minerals in forest
soil? Symbiosis 27:249–257
Wright DP, Johansson T, Le Quéré A, Söderström B, Tunlid A
(2005) Spatial patterns of gene expression in the extra-
matrical mycelium and mycorrhizal root tips formed by
the ectomycorrhizal fungus Paxillus involutus in associa-
tion with birch (Betula pendula) seedlings in soil micro-
cosms. New Phytol 167:579–596
Yamaji K, Ishimoto H, Usui N, Mori S (2005) Organic acids
and water-soluble phenolics produced by Paxillus sp 60/92
together show antifungal activity against Pythium vexans
under acidic culture conditions. Mycorrhiza 15:17–23
Zhu Y, Cavagnaro TR, Smith SE, Dickson S (2001) Backseat
driving? Accessing phosphate beyond the rhizosphere –
depletion zone. Trends Pl Sci 6:194–195
Plant Soil (2008) 303:35–47 47
